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By Bermard Lubarsky

SUMMARY

The forced-convectlon heat-transfer characteristics of an eutectic
mixbure of lead and bismuth were experimentally Investigated, Datba were
obtained for lead-bismubth flowing in & circular tube with heat addition
ard for lead-bismuth flowing in an annulus wlth heat extraction from the
inner surface, Data were also obtained with about 0.04 percent by
welght of magnesium added to the lead-bigmuth to promote webttling of the
heat-transfer surfeces, The linvestligation covered an over-all range of
Peclet mmmbers from 250 to 3800.

The resulis of the investigation showed that experimental values of
Nusselt number for lead-bismubth fall consideraebly below wvalues predicted
by equations generally used for liquld-metal heat transfer. The addition
of magnesium to the pure eutectic, to cause wetting of the heat transfer
surfaces, did not change the heat—transfer characteristics of the lead-
blsmuth, .

INTRODUCTION

In view of the potentlal usefulness of liquld metals in power and
propulsion applications where hlgh temperature heat transfer media are
required, and because relatively little is known about liguid-metal heat
transfer, a research program has been instltuted at the NACA Lewie labora-
tory to obtain fundamental information on heat transfer between liguld
metals and surfaces,

This report presenbtbs the results of an experimentel investigatlon
of the heat-transfer characteristlics of lesd-blsmuth esubectic. Data
were cobtained for heat.additlon to lead-bismuth flowing in a circular
tube and for lead-bismuth flowing in an annulus with heat extraction
from the linner surface, The effect on the heat-transfer characteristics
of adding a wettling agent (magnesium) to the lead-bismuth was
invegtigated.
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The investigatlon covered an over-all range of Peclet numbers from
250 to about 3800. '

APPARATUS

A photograph of the test setup ig shown in figure 1l; a schematic
diagram of the flow path of the liguid metal is shown In flgure 2.
From figure 2, it can be ssen that the liquid metal flows into the
circulating pump from the storage tank, The liguid metal 1s pumped
through the test and heating sections (shown in more detail in fig, 3),
then flows through a cooler and a back-pressure regulating valve into a
flow-measuring tank. From the flow-measuring tank, the metal is returned
to the storage tank. The components of the setup are described in more
detall in the following paragraphs:

Te22

Storage tank. - The atorage tank serves as a reservoir for the
liquid metal when the system 1s not in operation and maintains a
relatively constant head of metal at the pump inlet when the system is .
in operation. The tank 1s made of 347 stalnless steel ard has an inner
diameter of 24 inches and a depth of about 13 inches. An air-actuated .
valve was located at the tank exit to conbtrol the filling and emptying
of the tank, During operation, the space above the liguid metal was
fi1lled with argon. .

Circulating pump. - The circulating pump is a Moyno Frame 4C-4,
Typs SSG, progressing-cavity pump driven by a 5 horsepower electric
motor through a v-belt type of varlable-speed transmission. Ths pump
rotor and stator were of 316 and 416 stainless sbeel, reaspectively,
Graphite and asbestos packing was used for the sealing gland. The
liguld-metal flow rate was controlled by varying the pump speed.

Test and heating section, - The test and heating section (see
fig., 3) consists emsentlially of one stainless-steel tube suspended within
another, The sectlion 1is mouated vertically and liguld mestal from the
punp flows upward in the lmner tube and downward in the anmular passsage
between the inner and oubter tubes. The upper portlon of the section is
heated by passing an electric current through it, Therefore, in the
lower portion, which is the test section proper, the liguid metal is at
8 higher temperature in the annulus than in the center tube; and heet
is transferred from the liguld metal in the annulus to that in the center
tube, Thls arrangement prevents heat from being generated in the liquid
metal, which 1s an electric comductor, in the test sectlion proper, Also,
inasmuch as the rest of the circulating system is at the same electric
potential as the lower electric contact, no current flows through thise .

paxrt of the systeun.

The test and heating sectlion was mede of 347 stalnless steel, The ,
inner tube had an outslde dlamster of 0.5 Inch end & wall thickness of
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0.049 inch, The ouber tube had an outside diameter of 0,75 Inch and a
wall thickness of 0,0823 inch., The lower or test section was 40,2 inches
long, and the upper or heating sectlon was about 48 inches long., Mixing
chambers were provided at esach end of the test section for both the

inner and outer passages. These chambers contained baffles for mixing
the 1liguid metal prior to measuring the mean temperature, The liguid
metal temperatures were measured by means of chromel-alumel thermocouples
located downstream of the baffles in the mixing chambers.

Cooler, - The lead-bismuth leaving the test section was cooled to
below the maximum permiesible pump temperature in a cooler., Thls was
simply a length of stainless steel tubing surrounded by an anmular
passage through which water was passed.

Back-pressure regulating valve. = An air controlled, l-inch valve
made of 347 stainless steel was ussd as a back-pressure regulating wvalve
to keep the annuiar passage In the test and heating section full of
liguid metal, This was necessary to prevent burnout of the heating
section and to make certain that the test data were taken with the
annulus of the test section full of liguid metal, An electrlc contact
located at the top of the heating section was connected with an indlcator
light to show when the anmmulus was full,

Flow-meaguring tank. - The [low-messuring tank was made of
347 stalnless sbeel. Tt had an 1inside dlamster of 10 inchss and a
helght of 17 inches. An alr-actuated valve locabed 1in the bottom of
the tank controlled the -filling and empbying of the tank., XElectrio
conbacts, located at differsnt depths in the tank, were connected to a
clock circult, Operation of the tank was as follows: When a flow
measurement was to bes made ths valve was cloged and the tank started
to £111 with liquid metal, When the liquid metal touched the first
contact the clock started, When the tenk filled enough for the metal
to touch the second contact, the clock stopped and the valve opened.
From the tank volumne between conbtacts and the time required to f£111
this volume, the volume rate of flow was obtained. Thermoocouples were
located in the tank to measure the temperature and, hence, the density
of the liguld metal, The weight flow was obtalned from the density and
volume-~flow rate,

Contacts were provided for two volunsg to more easlly accommodats
high- and low-flow rates. During operation, the space in the tank above
the surface of the liguid metal was filled with argon.

Blectric equipment. -~ Power was supplied to the heating section from
a 208 volt, 60 cycle supply line through & saturable-core reactor, and
a step-down power transformer, The capaclty of the heatlng equipment
was 100 EVA with 25 volts at the transformer's secondary terminals., The
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saturable~core. reactor permittsd voltage regulation from the meximum of
25 volts down to about 1 volt. The low-voltage lesds of the transformer
were conngcted through copper bus bars and flexible leads to the heating
gection, About 70 KVA of additlional slectric power was avallable for
the starting heaters., These heaters were of nichrome wire insulated by
ceramic beads. They were wrapped around each component of the setup

andl connecting piping for the purpose of heatling the entire system above
the melting point of the ligquid metal,

Chromel-alumel thermocouples were peened Iinto the walls of the
various pleces of apparatus tc measure the temperatures of the components.

Miscellansous, - The various compconents of the setup were connected
by elther welded or flanged Joints, All welds were uade with 347 stain-
less steel welding rod. All flanges were of 347 stainless steel with
Anchor Packing Company, Ankorite 484-A gaskets.

The entire apparatus was thermally Insulated by a covering of
85 percent magnesis and ingulating cement.

Provision was mads for purging the entire gystem with argon.

PROCEDURE

The test procedure was as follows: The entire system was purged
with argon for one hour, Sterting heaters were then turned on and the
apparatus was heated until all temperatures were above the melting
point of the liguid metal. The pump was then started and the storage
tank valve opened, begimning operation. The main power supply to the
heating section was then turned on and et at the desired level; the
starting heaters were turned off., Fluid velocity wae set at the deeired
level by adJjusting the pump speed, After equilibrium conditions had
been obtained, all the fluld temperature readinges were recorded and
the flow rate was measured. This procedure was repeated for a range
of flow rates.

SYMBOLS
The following symbols are used In this report:
a a constant -
b a congtant .

B a Punction defined by equation (18a) of the appendix

2231
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k!t

Nu‘

Nut

Po

Pe'!

specific heat of liquid metal in test-section inner passage,
Btu/1lb, OF :

specific heat of liquid metal in test—section.annulus,
Btu/lb, OF

inside dismeter of test-section inner passage, 0.,0335 ft

outeide diameter of test-section Inner passage (inside diameter
of test section annulus), 0.0417 ft

outside diameter of test-section annulus, 0.0521 £t

£ilm heat-transfer ccefficlent inside of test-section inmer
passage, Btu/sec, sq ft, OF

f1Im heat-transfer coceffliclemt outslde of test-section inner
passage, Btu/sec, sq ft, OF

thermal conductivity of liguld metal in test-ssctlon inner
passege, Btu/sec, sq ft, OF/ft

thermal conductivity of liguid metal in test-section annulus,
Btu/sec, sq ft, OF/ft

thermal conductivity of inner tube material (347 stainless steel),

Btu/sec, sg £t, OF/ft
length of test section, 3.35 Tt

Nuss7lt nuber of liguid metal in test-section inner paasage,
hD/k

Nusselt number of liguld metel in.test-section amnutlus,
ht (D -D )/k

Peclet number of liquid metal In test-section lnner passage,
pVD op/k

Peclet number of liguid metal in test-section annulus,
PV (Dz-Dl) cp‘/k'

total heat transferred, Btu/sec

heat-transter surface area of test-sectlon lmner passage, sq ft

heat—transfer surface area of test-section annulus, sg £t
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ATp
AT

AT
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temperature of liguid metal entering test-section inner passage,
op

temperature of liquid metal entering test-section annulus, °F

temperature of liguid metal leaving test-section inner passage,
oF

temperature of liguid metal leaving test-section annulus, OF
velocity of liquid metal in test-section inner passage, ft/sec
veloclity of ligquid metal in test-section annulus, ft/seo
weight flow of liguid metal, 1b/sec

a constant

average temperature difference between liguid metal in annulus
and that in inner passage, [(Ti' + To')-(To + Ti)]/z, o

average temperature difference across liguld-metel film on inside
of lnmer passage, OF

average tempersture difference across liguld-metal f£1ilm on outside
of test-section inner tube, °OF

temperature difference across the material of the test-gection
" inner tube, OF

density of liguid metal in test-section inner passage, lb/cu gy

density of liquid metal in test-section ammulus, 1b/cu £t

ANALYSIS OF DATA

The heat-transfer. coefficlents for heat additicn tc lead-bismuth

flowing in the test-sectlon center passage and for lead~biasmuth flowing
in the test-~gectlon annulus with heat extraction from the inmer surface
are.deflined ag follows:

Q
h = —% (1)
SATf
bt =___££___ (2)

S7aTpt

T¢?2
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The values of Q, S and S' are kmown sgince

Q = Wey (T-Ty) (3)
S = DL (4)
St = TfDlL (5)

The gpecific heat Cp and all other physical properties of the
ligquid metael used 1n this section are eveluated at the arithmetic average
of t* 7 Inlet and outlet temperatures of the pertinent test-secticn
passage (center passage or annulus). The physical properties of the
eutectic mixture of lead and bismuth are obteined from reference 1 and
are caown as functions of temperature in figure 4. In some cases
extrapolation of the date was necessary, and for these condltions the-
curves are shown dotted,

To ccmplete the determinatlon of h and bh' by means of equa-
tions (1) and (2), there remains the problem of determining AT,

and ATp!', The overall-average temperature difference between the lead-
bismuth in the annulus and in the center pagsage ls

AT = £(Ti "+Io! )"(To‘*‘Ti)]
2

(6)

The overall--average temperature differemnce may be dlvided into
three parts

AT = ATp + AT, + ATp! (7)
The temperature drop through the wall of the inner tube is
Q 1089(%%)
Tl

where k; is evaluated at the average of the ligquid-metal temperatures
in the center passage and annuius. The variation of Xk, with temperature

is shown in figure 4.

AT, = (8)

Combining equations (6), (7) andi (8) gives

Dy
TyiaTot  Tqaly & ~O%e\D,

2 2 2rlk, L (¢)

ATf + ATf' =
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In order tc determine ATf and ATf', ancther relationship

between ATy and ATe! must be found. The ratio ATp/ATr' ocan be
determined as follows: From equations (1), (2), (4) and (5)

AT, D.h

rorche "zlii{' | (10)
but by definition
M = 22 (11)
k
and
e o 202 (12)

Equetion (10) may therefore be rewritten, using equations (11)
and (12)

AT Dy
A _x D1 omw (1)

Here, in order to amalyze the experimental date, an esssumption
mugt te made as to the value of the ratic Nu'/Nu. The following
relatlions for Nu and Nu' are suggested in reference 1 and are
currently, commonly used for engineering calculations.

Nu = 7 + 0.025 (Pe)0+8 - (14)
Nu! = 5.8 + 0.020 (Pet)0-8 : (15)

It will be assumed In this analysis that the absoclute values of Nu
and Nu' are not necessarily given by equations {14) and (15), but that
the ratio Nu'/Nu, for the purpose of substitution in eguation (13), cen
be obtained from equations (14) and (15). A discussion of the effect of
this assumption is found in the appendix,

Accordingly, the retio, Nu!'/Nu, was assumed to be

Nu' _ 5.8 + 0.020 (Pe')0.3 (16)
Na 74 0.025 (Pe)0-®

Te2?
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and equation (13) becomes

ATe xr Dy 5.8 + 0.020 (Pe')0.8 (17)
ATg' kK Dp-Dy 7 4 0.025 (Pe)0-8

The Peclet numbers ars defined

’ . Pe = gv—lfﬁ (18)
and
V1 (D,-D 1
Po! = p_ _______( 2 lz.c.P_ , (19)

kt

where V and V' are readlily determined

V= 4‘; (20)
- xD%p
ard
V= =L (21)

n(Dg2-Dy%)pt

The temperature differences ATf and ATp! can be determined by
simultaneous solution of equetions (2) and (17).

The heat transfer coefficients h and h' are determined from
equations (1) and (2), end the Nusselt numbers Nu and Nu' " from
equations (11) and (12).

RESULTS AND DISCUSSION

The basic date obtained in this investigation are listed in

. table I.

Heat transfer with no wetting agent, - Liquid-metal heat-transfer
data are generally correlated by plotting Nusselt number agalinst
Peclet number., Figure 5 shows such a plot cf data obtained in the
present Investigation with the eutectlic mixbture of lead and bismuth
(44.5 percent by weight cf lead). Figure 5(a) shows the first set
of runs (numbers 1 to 23), and figure 5(b) shows the second set of runs
(numbers 24 to 50). The second set cf runs wes taken at a later date
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than the first sebt; the data of the second set are more comsistent dus
to improved operating techniques. No wetting agent was used in
obtaining the data of figure 5, dnd lack of "tinning” of the surfaces
in contect with the ligquid metal indiceted that no wetting was
obtained, Dsata are shown for heat addition tc the liguid metal in the
center passage of the test mection, and for heat extraction from the
liguid metal in the emmmlus. Included in figure 5 are curves repre-
senting equations (14) and (15) (reference 1).

It is seen that the present data falls considerably belcw the
values predicted by equations (14) and (15), The agreement between
the present data end the reference curves becomes somewhat better as
the Peclet number is increased. As the Peclet number approaches
zero, the present dats appear to approach a limiting value of
Fusselt number which ls 1ln substantial agreement with the predicted
values for leminar flow. These values are 3,65 for heat transfer at
constant wall temperature and 4.36 for constant heat input per unit
length of passage (references 2 and 3),.

Heat transfer with wetting agent. - Figure 6 shows the data
obtained with about 0,04 percent by weight of magnesium sdded to the
lesd~bismuith eubectlc to promote wetting of the heat-~transfer surfaces.
Figure 6(a)} is the first set cf runs (mumbers 51 to 75) with magnesium
added, and figure 6(b) 1s the second set of runs (mumbers 76 to 100)
with magnesium added. The second set of runs was taken at a later
date than the first set; both seta were taken at & later date than the
runs with no magnesium aedded. The consistency of the data improves
with time due to Ilmprovements 1n operating' technlque, Included in
figure 6 are curves representing equations (14) and (15).

"Timning” cf the surfeces in contact with the lead-bismuth indicated
that, whereas the pure eutectic did not wet the stalnless steel surfaces,
the addition of about 0.04 percent magnesium cauged wetiting of the
stainless steel surfaeces. It 1s seen that the date In flgure 6 again
fall considerably below thé values predicted by equations (14) and (15).
The sgreement between the present data and the reference curves becomes
somewhat better as the Peclet number is incressed,

Figure 7 im a summary plot showing the data of figures S5 arnd 6.
Within the accuracy of the experimental data, no noticeable effect of
vetting was obtained. A similar result wss presented in reference 4,
where it wds found that the heet transfer between surfaces and mercury
vas the seme, regardless of whether the liguid metal wetted the walls
or not.

T2z
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SUMMARY OF RESULTS

The results of this investigatlon of forced-convection heat transfer
between stalnless steel surfaces and the eutectic mixture of lead and
bismuth, for Peclet nuvmbers from 250 to 3800, can be summarized as
Pollows:

1. The present experimental values of Nusselt number fall con-
siderably below values predicted by equations which are generally used
for liguid-metal heat transfer.

2., The addition of about 0.04 percent by welght of megnesium
to the pure eutectic, to cause wetting of the heat-transfer surfaces,
d1id not changs the heat-transfer characteristics of the lead-bilsmnth,

Lewis Flight Propulsion Laboratory,
National Advisory Compitiee for Aeronautics,
Cleveland, Ohio, : :
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APPENDIX - ASSUMPTIONS NECESSARY TC ANALYZE THE DATA

Inasmuch as wall temperatures of the inner tube were not measured
in the present investigation, only the overall heat-transfer coefficlent
could be obtalined directly from the data. The separate surface
coefPiclents for the inner tube and for the snnulus cannct be cbtained
without introducing assumptlions as to their functional relation with
other meazsured parameters suck as Reynclds or Peclet mumbers.

Assumption of equation (168). - It was assumed previously that the
relatlions given in reference 1 (equations (14) and (15)) could be used
to find the ratio, Nu'/Nu, and that the value of Nu'/Nu thus found
applied for the present data, This resulted in equation (16), which is
here repeated.

Nu! 5.8 + 0.020 (Pet)0.8 (A1)
M~ 7 40.025 (Pe)0s8

Thls may be rewritten, approxlmately, as

0.8
Nut _ 0.83[% + 0.0035 (Pe?) J (A2)

Nu 1 + 0,0035 (Pe)0.8

The expsrimental deta were previously evaluated using equation (A2),

and the results are shown in figures S, 6, and 7, Using the data of
figure 6(b), which hes the least scatter, 1t ls found that the data can
be represented by the following equatilons

Nu' = 3.28 + 0.0115 (Pet)0.8 (A3)
Nu = 3.95 + 0.0138 (Pe)0-8 (a4)

The data of figure 6(b) and the lines representing equations (A3)
and (A4) are plotted _in figure 8(a). It is important to note here that
equations (A3) and (A4) (and all similer equations mentioned later in
the appendix) are not intended as proposed correlating equations for all
liguid metals or even for lead-bismuth, These equations are presented to
indicate that the date are consistent, that 1s, it 1s possible to find
equations which will satisfactorlly represent the data and also satlsfy
the requirements of the amasumptions, The data presented in thls report
are Iinsufficient by themselves to Justify the proposal of a correlating
equation because they are only concerned wilth one liquid metel and that
over a limited range of Peclet number,

Equations (A3) and (A4) have the form of equations (14) and (15)
and satisfy the requirements of equation (A2). The constants and

2231
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coefficlents are, hcwever, not in agreement with those of equations (14)
and (15). It would therefore be of interest to investigate the effect
of changes in the constants and ccefficients assumed in equations (Al)
and (A2), '

Equation (Al) is approximately of the form

Nut _la +D (Pe')o's-‘
Nu X[a + b (Pe)O-B_I (a5)

This may be more readily seen in equation (A2), which is exactly
of this form with X = 0.83 and b/a = 0.0035. The effect of changes
in the assumed value of X and the assumed values of & and b will
be separately consldered.

Change in the assumed value of X, - To indicate the effect of a
change in X 1in equation (5a), the data of figure 6(b) 1s re-evaluated
and plotted in Pigure 8(b) assuming that X equals 1.0 i1nstead
of 0.83; that 1s,

t O.B
N;\Iz.u _ 1+ 0.0035 (Pe’) (a86)
1 4+ 0.0035 (Pe)0-8

The equations that best fit the data points of figure 8(b) are

Nu = 3,80 + 0,0133 (Pe)0.8 (a7)
Nu' = 3.80 + 0.0133 (Pe?)0.8 (a8)

It can be seen from figure 8 that either set of equations (A3,
A4) or (A7, A8) fit their respective set of data points about equally
well. No conclusion can be drawn from the present data as to the true
value of X, '

Change in the assumed values of a andi b, - It 1s not necessary
' T

to assume the values of both a2 amd b Iin order to svaluate ——-—Nﬁu from
equation (AS5). The value of the ratio b/a is sufficient, and this has
been previously assumed squal to 0.0C35, It is possible, by using a
somewhat different method from that presented in the "Analysis of Data"
section, to evaluate the heat-transfer coefficlents assuming a value
of &, rather than b/a. This 1s desirable since an estimate of a
may be made directly from the previous data (a is the limit of the
Nusselt mumber as the Peclet number approaches zero)}, Thls method of
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calculating the heat-transfer cocefflclents, which follows, is baslcally
identical to. the msthod presented in the ANALYSTS OF DATA section
but the mathematic manlpulations are different.

It was assumed that the equations for the tube and the annulus had
the same form as equations (14) and (15), respectively. That is, for
the tube

%? =a+b (Pe)0-8 (A9)
and for the ammulus
h*(D,-D.)
——%—1— = x[a +b (Pe')O-‘i (A10)

Commbining equations (AQ9) and (Al0) to eliminate b

hD h*(Dy-Dq ) Pe\0.8
T =[_Fx—'_ - % 2 (A11)

The heat transferred from the fluld in the annulus to the wall,
the heat transferred through the wall, and the heat transferred to the
fluid in the inner tube are equal. Thua .

Q = %DLhAT, = ShAT, (a12)
Q= J‘[Dth'ATf' = S'h'ATf' (AlS)
anL AT
Q= "_imb_e (A14)
1
logg )
Inaamuch as

there results from equations (Al2), (A13), (Al4) and (ALS5)

108(3)
14 AT (aA16)
Sh S'h' o g L
Letting 5
i 1%9('1%)
AT _ _ =3B (A17)

Q@ 2 ky L

-~
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apd combining equations (All), (Al6), and (Al7) glves

L +—t_ =3 (a18)

St™ht
S -a;g + EE]‘(DZ-DJ.) - aJ Pe 0.8
D D kX Pet

Clearing equation (Al8) of fracticns and arranging the terms In
degcending powers of h' gives _ L

BsS 'k Pe \0-8(D2-D1)y .2 , JBsS'ka|, _[ Pe 0-51_ skfDz-D1)( pe\0-8
Xk*' \Pe! D D ot/ | X'\ D J\Pe'
0.9]
- 81 nt - Bkaly _{ Pel¥e" g (a19)
D e! n

Equation (Al9) is & quadratic in h' which can be solved by the
quadratic formula. Equation (A1l9) includes, 1n addition to quantities
that are known from the geometry of the test setup or from the test
date, the two constante & and X. The data of Ffigure 6(b) was
recalculated, using equations (Al6) and (Al9), for values of a = 3,
3.5, and 4 apnd with X = 0.83., The three values of a were chosen
to bracket the probable values indicated by the data in Fflgure 8(Db).

The results for a =3, 3.5, and 4 are shown in figure 9,
Included in the figure are equations consistent with the assumptions
that best fit the date., These are

for 9{a)
M1 = 3.0 + 0.0185 (Pe)C.8 (420)
Fu' = 2,49 + 0.0154 (Pe'}0.8 (a21)
for 9(b)
Nu = 3,5 + 0.016 (Pe)0.8 (A22)

Nu' = 2.91 + 0.0133 (Pe)0.8 (a23)
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Por 9(c)

Nu

4,0 + 0,014 (Pe)0-8 (a24)
Nu' = 3.2 + 0,0116 (Pet)0+8 (A25)

From figures 8(a) and (9), 1t can be seen that all four sets of ;qua.-
tions ((A3),. (A4); (a20), (A21); (AZZ), (A23); and (A24), (A25)) fit
their respectlve mets of data points about equally well,

Comparison of the various equations. - For the purpose of com-
parison, the various equations resulting from the different assumptions
of the appendix ((A3), (A4); (A7), (a8); (a20), (A21); (Aa22), (A23);
and (A24), (A25)), and the relations given in reference 1 (equa-
tions (14) and (15), ANALYSIS OF DATA) are plotted in figure 10,

From figwre 10, it can be seen that all the equations fall within a
relatively narrow band except the relations given In reference 1,
which are appreciably higher than the others,
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TABLE I - BASIC EXPERIMENTAL DATA A

!

Run | W Ty |T1 |To'|6F | V | V' |ATy | ATy |[ATg' | B | B' [ Nu | ¥uf | Pe [Pe' | @ |Q/+DL]|Q/ADL
nunber

1 ]4.50 600|645 |606| 44(8,09|9,38/18.5|17,2 | 8.54/0,907 {1.47 |17.0 |a.35 {3577(1182|5.51 |15.57 [12.54
2 [4.97 695|635 [606| 40|a.95[10:56(16.8(15.4 | 7.81| .928 |1.47 [17.5 |8.39 {3747 {1312]5.04 [14.24 12,27
5 |[3.40 590|646 {590{ 56|6.10[7.09{21.9(25.1 [11.0 | .801 |1.56 [16.5 |7.80 | 2600 901|6.5¢ |18.48 |14.88
4 [2.20 627|720 |615| 88|3.95(4.69|24.5/s4.4 |19.1 | .476 [0.892| 8.98]4.95 | 1659 563|7.47 [21.10[16.99
5 |2.12 645|738 |620| 893.81|4.43/26.7/45.6 [18.7 | .530 |0.994| 0.91]|5.47 |1584| 540|8.16 |23.05 |1a.56
6 [1.32 857(936{785| 92/5.48/4,05(28.0(|45.3 [18.7 | .575 |1.12 | 9.53/6.61 |1285] 457}9.21 |26.02[20.95
7 15.29 795|856 {791| 56{6.97(6.93(19.4(25.0 (11,6 | .717 |1.24 |12.0 |6.25 |2202| 787|6.33 {17.88 [14.40
8 |3.43 845(910]a35| 62(5.23|7.2¢(25.3|25.2 |11.5 | .943 |1.67 {15.3 i8.15 {2250] 774{8.40 |23.75|19.11
9 {1.97 855|723 |620| 62|%,55|4.12(20.5{29,1 |12.4 | -810 {1.15 [11.3 |6.86 |1458| 504|6.27 |17.71[14.28
2.52 639|695 [617] B54{4.53|6.26(21.1]|22.7 |10.2 | .805 [1.44 [14.9 |8.04 11874{ 850|6.44 |18.18 |14.65

2.86 650 (685 [617| 60|6.12|5.95(18.6{20.8 | 9.58| .814 |1.43 [15.1 |8.02 {2119| 7%8[5.08 |16.B9 |15.60

2.73 641 /699 [627| 55[4.91|5,71(20.6/28.7 [10,7 | .755 |1.34 [13.9 [7.44 |2020| 701{6.31 {17.65 [14.58

3.53 570(615 [570| 45|6.33(7.35(19.1|17.6 | 8.3a| .918 |1.55 [17.8 |9.01 {2759| 948|5.68 |18.05 [12.92

3,68 611|658 |618] 44|6.61(7.89]|14.9]|19.7 | 9.42] .648 |1.09 |12.1 |6.17 |2749] 962]4.51 |12.74 [10.26

3.90 646 (689 [649| 41]7.02|8.16(16.416.6 | 8.01| .861 |1.44 |15.7 |7.96 |2847] 997(5.05 |14.27 [11.49

2.64 676740 (684 | 80)4.76)5.65(19.0]27.7 |12.4 | .632 |I.14 [11.4 |8.20 }1910| 663{6.19 |17.49 [L4.08

2.20 695{765|871| 8als.97|4.61(22.0l32.1 |25.9 | .e04 [1.12 |10.9 |s.01 {1584 | 546{6.85 {19.35 [15.58

1,77 724 (811 |634| 84]3.19|3.71|25.4|48.8 |17.8 | .487 |0.944) a.70|4.98 |1255) 432| 7.57 |20.82 [16.77

2.07 711|794 |874| 77|3.75|4.54|24.9]36.5 |15.6 | .606 |1.14 |10.8 |6.04 |14a4| 507|7.82 |22.09 |L7.78

2.7% 679 740 |883| 5914.82|5.72(22.1|26.4 |11.5 | .767 |1.56 [13.9 |7.39 |1875| 686|6.88 |19.44.]15.65

2.49 690|756 |670| 65(4.49(5.22(22.6(28.0 |12.4 | .714 |1.30 [12.9 |7.00 |1795] 620|7.06 |19.94 [16.06

2,32 895(766)672| 67|4.18|4.86|22.5|51.0 [13.7 | .837 |1.16 |11.5 |B.22 |1671) 576|6.08 |19.72 h5.88

3.25 870|720 |666| 49|6.86/6.80(|19.8(19.8 | 9.27| .873 |1.51 |16.8 [8.24 |2561| 820]8.14 [17.35 [15.97

2.75 808 865 [606| 55|4.94]5.74|18.1|25.40|11.5 | .6112/1.09 [11.59|6.154|2083| 718|5,486|15.50 [12.48

3.23 810{8e0{612| 47)5.80|6.75(15.7|21.55| 9.97| .8300|1.09 [11.89]8.143|2435| 845{4.748/13.42 [10.80

5.89 620659 [624| 40(8.99]8.12(15.7)16.40| 7.90( .a2es|1.38 [15.20}7.742(28921012]4,785{13.48 [10.84

2.52 851|704 616| 70|4.17|4.85|2L.6(35.58]14.682| .5645|1.01 [10.46(5.647|1749[ E92{6.577|18.68 [14.96

1.84 860 (749 [630| 84|3.49|4.08(25.6]|42,56|17.84| .4831|0.928| 8.99|5.088|1442 | 482|7,28520.52 [16.53

1.67 895 (795 [640( 94]%.01|5.50|26.9)47.67|19.43| .4962|0.961| 9.11|5.263|1225 | 414]8,358]28.61 [19.01

1.50 724 834 646|101 (2,70]3.15|28.5(51.76|20.74| .4880{0.881 | 8.88|5.196|1090 | 587{8.925]25,21 [20.50

1.4 886|767 [622| 75|2.58|3.01|21.9]37,80|15.50| .5057|1.006| 8.53|5.491|1061 | 363]6.754]19,0a {15.57

3.15 811(e63 (611| 51|5.86|6.57 [18.2|22.55|10.46| .8248|1.203 |15.56|6.604| 2575 | 824(5.512{15.57 [L2.54

2.83 633)690 |628( 55/5.09(5.91(1a.8(2¢.84(11.56| .6546(1.165[12.18}6.454]|2104 | 730]5.745]{16.25 [15.07

5.54 645 (693 (649 €7]6,37(7.40(17.3|20.17| 9.53| .7476(1.275 [15.72|7.062| 2596 | 905|5.528]15.05 [12.12

3.57 656|708 |659| 48)6.07|7.06|17.6]20,64| 9.78| »7440|1.268 |13.59|6.982| 2460 | 8568|5.426]18.53 |12.54

2.52 688|781 672( 70|4.18|4.86(21.6|55.69|14.7L| .5662|1.04510.25)|5.606/1678 | 576{6,740|19.04 [16.55

2,54 876746 [870| e8|4.58(6.32(20.2|55-14|14,68{ .5390(0.982| 9.80(5.314] 1846 | 636|6.312|17.85 [14.36

1.78 890 781 |68l | &7)3.23|5.76[22.5)45.89|19.01( .4307]0.854 | 7.87|4.474]1307| Ads|a.054|19.65 [15.82

1.74 700 800 {886 | 92[%.14|5.65[23.5(48.45|20.06| .4504[0.838 | 7.85)4,457{1264 | 428|7.589(20.82 h6.76

1.68 717|820 |686| 95|2.99|3.48|25.7|49.21]|20.08| .4644[0.917| 8.41|4.836|1201 | 405|8.076|22.61 fLa.37

1.51 742 860 [675[105|2.72(5.17 [27.8)63.84|21,56( .46110,036| B.28|4.875|1085 | 564|a,775(24.78 19,98

1.59 726|836 (867|101 |2.87|5.34 [26.7|62.96|21.54| .4490(0.898| 8.15(4.716|1160 | 386|8.405)|23,74 [19.12

1.45 690|795 |637{ 98)2,61(3.04 [25.8(63.09(21.11| .39825|0,795| 7.25)4.265|1068 | 360(7.559|20.78 h6.74

1.36 706 (820 |636 |104|2.45| 2.85 |25.2]56.52(22,28| .3953|0.804 | 7,224.205| 997| 338|7.854|22.19 j17.87

1.32 715 |82 [637 [108|2.58} 2,77 [28.2|58.80 [£5.00| .3936(0.811 | 7.22|4.%14| 968| 325(8.177|25.10 18.60

1.15 759 |891 (844 |122|2.04| 2,57 |28.2)68.10|26.70| .3698(0.789| 6.70(4.109] B17| 272|8.899(25.14 {20.25

2.18 638|705 616 87|5.92|4.55(21.5|31,75)15.75| .5849(1.088 [11,04/6,071]1644 | 583]6.562|10.54 [14.93

2.06 848 719|622 70|3.70{4.51 |21.4|54.08(14.5¢| .5451(1.029 [10.18(|5.601 (1538 | 627|6.561)18.55 [14.93

1.90 857|740 |628| 78|5.41|5.97|22.1]39.55(16.57| .48B1|0.953| 9.08|5.115|1415| 482| 6.785|19.16 [15.43

5,29 843/697(645| 56|5,82 6.8821.0|25.81)|11.18( .7664(1.31414.23(7.500] 2424 | 845|6.448|18.22 [14.67

ZOUTSH W4 VOVN
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TABLE I - BASIC EXPERIMENTAL DATA. CONCLUDED.

W To |T1'[To'[AT | V | V' [ATy | ATy AT h h! Nu | Nu' | Pe |Pe' Q |Q/7DL|Q/vDL
1.853 680|762 655| 78|35.34|3.88/20.7|40.41/16.91{0.450 | 0.866] B8,22|4.69 |1553| 464 [ 6.42 |18.14]|14.62
1.765 6321782| 665| 86|3.18]|5.70|21.3|45.43{18.75| .416 | 0.811| 7.56/4.35 |1283]| 438 |6.67 |18.85|15.18
1.626 706(805(670] 92|2.95{5.41{22,1(50.00|20.57( .393 [ 0,777] 7.12|4.13 {1176{400 |6.94 [19.61]|15.80
1.544 72418251675| 96(2.78]3.24(24.0{51.38{20.63| .417 | 0.836{ 7.51|4.39 |1112| 375 | 7.57 |21.37{17.21
1.342 760/875|683|109(2.42}2.82(26.7(59.24| 23,08} .404 | 0.835( 7.18|4.33 | 954|322 |8.46 |23.89(19.24
2,435 670]1757|662| 6414.38/5.09|19.0(51.22{15,79| .555 [ 0.972| 9.70|5.28 |1770| 612 |5.88 [16.61|13.38
2.389 68117501670 66|4.31]5.00(20.2(32.18|14.17] .552 | 1.01 | 9.99|5.46 |1728|598 | 6.27 (17.72{14.27
2,259 690{760(675) 68]14.0714.73120.5/33,11{14.42) .547 | 1.01 | 9.87|5.46 |1627]563 |[6.40 ]18.09|14,57
2.013 7001780681 | 76|3.63(4.22120.4{59.05/16.52| .464 [ 0,885| 8,37|4.71 |1449/495 |6.41 |18.11|14.58
1.860 715]799| 684 | 8113.35(3.90{22.5/41.29|17.21{ .486 [ 0.940| B8,69(4.96 |1328|454 |7.10 [20.05[16.14
2.628 6661746680 59|4.74(5.51(18.8|27.74|12.45( .601 | 1.08 |10,8 [5.83 {1893|658 |5.89 {16.63|13.39
2, 885)742|682| 54|5.07/5.89(17.3|25.58|11.63| .599-| 1.06 |10.7 [5.74 |2015}703 |5.41 |15.29(12.31

. 69017441688 | 5215.35|6.20|16.8/23.71110.95] .630 | 1,10 |11,2 [5.93 (2103|737 |5.28 |14.92]|12.02

700{759(695| 56{4.8215.61(17.2(26.72[12.05| .575 [ 1.03 (10,2 {5.52 |1899|663 {5.43 |15.55(12.34
7091775(698| 62]4.42(5.14]|18.5(29.83113.17| .553 | 1.01 | 9.80{5.37 |1734|603 [5.83 |16.48]13.27
716|786|699| 66(4.05{4.69(19.3(32.20{13.96| .536 | 0.996] 9.4915.25 |1581|545 |6.10 {17.23(13.88
734{810|700| 73(5.50{4.07(22,3{35.61{15.05| .561 | 1.07 | 9.90|5.62 |1367(471 {7.06 {19.95|16.07
7207951696 70{3.77(4.39720.7]|34.55|14.78| .534 {1.01 | 9,45]5.30 |1480(510 |6.52 [18.41]14.83
7201796(695) 73]3.66(4.25/21.4|36.28]15.37) .525 | 0.999] 9.34|5.27 [1439]494 |6.73 |19.02]15.32
731|809|691| 76(5.08(3.58|21.8(38.78(15.96| .501 [ 0.980| 8.9115.15 {1212]{414 |6.86 [19.39]15.61
7441834660 -82(2,08|2.42(20.5(44.88(17.31| .404 [ 0.844| 7.18|4.45 | 818|281 |6.40 |18.09(14.57
6581720(632 60|3.09|3.58(|16.2(30.52{12,77| .462 | 0.890| 8.48|4,90 [1258(437 |4.98 }14.07|11.33
65517211620 61(2.82|3.29|16.3|31.64/15,02| .448 [ 0.877| B8.30|4.85 (1163|402 [5.01 |14.14]11.39
65017191614 | 64]|2.76(3.22|16.9(35.74|13.85| .434 | 0.851| 8.03|4,71 (1138(393 {5.17 [14.60({11.76
655{731(604( 70(2.45(2.86(|18.1({37.39(14.97( .420 { 0.B45 7.85(4.67 [1020]349 [5.55 (15.67(12.62
742)866|666|112|2.36 (2,75(25.8{62.1 [24,06| .370 | 0.770| 6.67]|4.01 | 944(316 [8.12 [22.94|18.47
7811915|674|121{2.,10(2.44(27.6/67.7 [25.69| .367 [ 0.779| 6.50|%.99 | 821|275 |8.78 |24.80]19.97
802]942(680(129|2.00(2.34(29.1{72.7 |27.21| .363 | 0.781| 6.3913.95 | 781|260 |9.32 [26.33|21.20
770{900(674119{2.25(2,62{28.2|65.6 |25.25| .386 | 0.807| 6.85(|4.15 | 882(2096 |8.94 |25.26(20.34
755(882(6741118]|2.35(2.73(27.4|65.4 |25.19] .374 | 0.783] 6.71|4.06 | 933[312 |8.65 |24.44(19.68
685/7611661( 73(3.69(4.30(|21.8(35.9 |15.27| .538 | 1.02 | 9,78(5.48 [1490|511 |6.82 [19.27}15.52
696(780|870| 79|3.57/4.16[22.4(39.8 [16.82| .498 [ 0.950] 9.0215.08 |1435|490 [7.0)1 [19.80[15.95
705|794 (676| 83(3.41|3.97|22.6(42.6 |17.78| .471 [ 0,909 | 8.49]4.79 {1363(461 |7.09 |20.03(16.13
720|811 (682| 87(3.24|3.77|24.0{44.6 |18.41| .479 | 0.934| 8.59(4.91 |1288(436 |7.54 |21.50(17.15
700{782(679 79(3.72(4.33|22.1|40.0 |16.95| .491 | 0,933| 8.85|4.96 |1486|508 |6.94 {19.61{15.79
730|824 (6901 89(3.1613.67(24.2(45.,9 118.08| .472 | 0.925| 8,364.84 [1238(423 |7.66 |21.64 (17.43
747{845(695| 94(2.97(3.46(25.7|48.6 [19.75| .476 | 0.944| 8.39(4.90 |1159]|395 |8.18 |23.11[18.61
762|871|697(101|2.688(3.13|26.0(55.7|21.29| .436 | 0.886| 7.694.58 |1047[354 |8.28 [23.39|18.84
780|895/ 700(107|2.55(|2.97|27.6(67.1 |22.33| .439 | 0.904| 7.70|4.61 | 991|333 |8.85 [25.00/20,13
729]|822(890( 90(3.21|3.74{24.9(46.1 |18.96| .481 | 0,943 8,60 (4.93 11269430 |7.84 [22.15}{17.84
696|762(689| 65(4.50|5.23]19.5/51.6 |15.91| .547 | 1.00 | 9.81(5.32 [1787|613 [6.10 [17.23|13.88
711(786(695| 68(4.06{4.72|20,3134.0 jl4.72| .531 [ G.988| 9.45(5.21 [1600(549 [6.38 [18.02[14.51
726{800(700| 69(3.75|4.36(20.9|35.7 [14.38| .556 | 1.05 | 9.7915.51 |1463|504 |8.62 {18,70[15.06
712}780|698| 63|4.16[4.84]18,7(30.9 |13.38| .539 [ 1.00 | 9.555.29 [1630}562 |5.89 [18.64 [13.40
706|764 [699| 56{4.79|5.57{17.7|26.4 (11.85| .598 { 1,07 |10.58|5.71 [1878|653 {5.58 {15.76[12.69
720(785/706| 62|4.38|5.10719.1(29.8 [13.10| .575 [ 1.05 {10.11|5.52 |1711(590 (6.04 |17.06[13.74
713[774|705) 59)4.78)5.55)18.5/28.0 [12.53] .590 | 1.06 ]10.40|5.60 |1865(646 |5.84 |16.50)13.29
802(910( 7121 99|2.14|2.50(25,0{55.0 [21.02| .383 | 0.807| 6.65[4.08 | 822|278 [7.44 [21.02]16.95
714(7861690 68|5.48/4.05]|19.1|34.4 |14.52| .494 | 0.943| 8.79(5.00 1370|472 (6.0} |16.98 [13.67
701| 766689 | 62]3.85[4.47(16.8(351.6 |13.59] .474 |0.889| 8.48 |4.75 1522|524 |5.30 |14.87 [12.06
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eutectlic with about 0.04 percent magnesium added as wettlng agent.
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Figure 6. - Concluded. Variation of Nusselt number with Peclet number for
lead~bismuth eutectic with about 0.04 percent magnesium added as welting
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Pilgure 7. - Variation of Nusselt number with Peclet number for lead-bismuth
eutectic, both without wetting agent, and with 0.040-0.045 percent magnes-
ium added as wetting agent. Summary of all data points in figures 5 and 6.
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Flgure 8. - Effect of change in assumed equation for Nu'/Nu. .
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Figure 8. - Re-evaluation of data points of figure 6(b}, using the assumptions
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Figure 10, - Comparison of the various “correlating”equations.
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